Abstract: Progressing eutrophication of waterbodies requires measures to be undertaken that aim at halting or reversing negative changes in the environment. Chemical restoration is one of the most common methods used for lake treatment, where iron or aluminium phosphate coagulants are applied. However, their chemical qualities pose the risk of acidification and aluminium ion release, which become toxic in acidic conditions. The influence of coagulants on aquatic plants, including charophytes that are very valuable from the ecological perspective, is little recognised. For this reason, the aim of the research was to define changes in the growth pattern of the charophyte Chara hispida under the influence of an aluminium coagulant. The research was carried out in mesocosms (0.8 m . Coagulant concentrations reflected aggressive restoration aimed at precipitation of phosphates, suspension and water colour at the same time. It was proved that the coagulant had inhibited the growth and slightly reduced the length of branchlets, and simultaneously elongated internode cells. Changes in the total length as well as the length of branchlets were caused by a strong pH decrease of the environment which simultaneously induced higher aluminium solubility and toxicity. Elongation of internode cells was caused by reduced light availability, resulting from high water turbidity in the first stage of coagulant's application, and then from the charophytes' thallus being covered by a coagulated suspension precipitated from water.
Introduction
The widespread eutrophication of the environment has worsened the ecological conditions of inland waters in many parts of Europe and worldwide (Stoate 2009 ). In the case of lakes, the most negative effects comprise water blooming, including toxic cyanobacteria, a switch to a turbid phytoplankton-dominated state, as well as the loss of biodiversity, particularly elimination of underwater macrophyte communities (Hilt et al. 2006; Ławniczak 2016) . Various methods of water restoration are used to counter the negative effects of eutrophication, and their aim is to stimulate processes that retrieve the natural diversity of the environment (Dokulil and Teubner 2000; Rosińska et al. 2017) . Among all restoration methods, chemical inactivation of phosphates is one of the most common and widely used (Jiang and Graham 1998; Orihel et al. 2016) . The method employs non-organic acidic aluminium or iron salts which bind phosphates into coordination complexes (Sobczyński et al. 2012; Dunalska and Wiśniewski 2016) . Another positive effect of coagulation consists in the creation of aggregate-flocks with a large absorption area that foster elimination of the suspension. Such created complexes settle under their own weight on bottom sediments (Pizarro et al. 1995; Sobczyński and Joniak 2009 ). In restoration practices it is recommended to apply low doses several times, known as balanced restoration (Gołdyn et al. 2014) , the opposite method is aggressive restoration when a high, one-time dose of a chemical coagulant is used to eliminate suspensions and water colour. So far, limnological studies have shown that phosphate coagulants may efficiently, though with a limit in time and space, reduce the concentration of biologically absorbent phosphates, thus curbing their initial production (Gibbs et al. 2011; Sobczyński et al. 2012) . Nonetheless, the biological impact is not always predictable due to the diversity of particular water environments, and the scale of unfavourable effects remains largely unknown.
The main risk of using coagulants is their low pH (approx. 1.0). This is a serious threat for shallow water bodies with small volume as well as for the stability of poorly buffered waters (Persson 2008) . Another danger for plants and animals is constituted by the toxic qualities of base components of coagulants, especially aluminium in acidic conditions (Gensemer and Playle 1999) . Attention is drawn to the fact that during field application water acidification and aluminum toxicity affect synergy, not to mention the release of other toxic metals from bottom sediments (Marschner 1991; Bakker et al. 2015) . In Poland the aluminium coagulant is mostly used to restore deep water bodies with an anoxic bottom water zone (Grochowska et al. 2014) , whereas in other European countries it is also used in shallow waters, interchangeably with iron coagulants (Cooke et al. 2005) . The advantage of the aluminium coagulant is that it permanently binds phosphate ions, also in anoxic conditions (unlike the iron coagulant), hence eliminating them partially from the biological cycle (Rydin and Welch 1998) .
What is important for the restoration of natural waterbodies is that chemical restoration with coagulants should be preceded by experimental research that would define optimal doses in view of the expected result and biocenosis safety. In fact, it is unacceptable to use coagulants without prior recognition of the causes of eutrophication or to use them as an interim method for enhancing water quality, for example to eliminate cyanobacteria bloom which is the result of intensive rainfalls that deliver nutrients from the catchment area (Sobczyński and Joniak 2013) . Unfortunately, the use of coagulants to achieve short-term, provisional improvements in water quality is becoming more common . The reason for this is mainly the disturbance of the recreational or economical function of a lake due to cyanobacteria blooms (Pretty et al. 2003; Brooks et al. 2016) . Using aggressive restoration to revive a lake's previous functions is hazardous for the original physical and chemical character of the habitat. In consequence, the range of macrophyte communities and bottom macroalgae decreases or they disappear entirely. Any disorders of underwater macrophyte communities speed up eutrophication and deteriorate the quality of the water (Kufel and Kufel 2002; Hilt et al. 2006) .
Charophytes (Characeae) are one of the most ecologically valuable submergent communities. By colonising bottoms, these organisms physically isolate and stabilise sediments, and create a refugium for hydrobionts, such as zooplankton and ichtiofauna. In addition, they efficiently compete for nutrients with phytoplankton due to their allelopathy (van Donk and van de Bund 2002; Blindow et al. 2002) . Therefore, they are natural stabilisers of the trophic level and an element of the ecosystem that is indispensable for maintaining good water quality, especially in waterbodies endangered by eutrophication. It should be noted, however, that stonewort species also inhabit eutrophic waters (Urbaniak and Gąbka 2014) , where they may be exposed to restoration treatments.
The charophyte's vulnerability to chemical restoration is little recognised. The aim of this study was to determine the growth pattern changes of Chara hispida (L.) under the influence of polyaluminium chloride application. The research commenced with an assumption that the coagulant would trigger changes in the charophyte architecture since it simultaneously affects pH, concentration of bioavailable phosphates, as well as the toxicity of the base element.
Material and methods
The research focused on the charophyte Chara hispida (Characeae, Charophyta), which is widely distributed in Europe, Asia, and North Africa (Gąbka 2009 ). In Central-Eastern Europe it occurs mainly in shallow eutrophic lakes and slightly acidic (pH = 6.4) waterbodies such as peatland exploitation ponds (Urbaniak and Gąbka 2014) . It is a stem-like entity with a length ranging from 30 to 200 cm, diameter up to 4 mm, 10-15 internodes, and numerous branchlets (7-11) reaching up to 8 cm. C. hispida is a representative of the genus, since this species occurs in eutrophic waters and is more exposed to restoration treatments.
The research was carried out in summer in 2015 (July-August) as a field experiment with mesocosms (chambers) placed in the natural Lake Wielkowiejskie in the Greater Poland National Park (Poland). Eight chambers (1×1×2 m, water volume 0.8 m 3 ) were placed in sediments (no bottom water infiltration) of the littoral zone inhabited by C. hispida. The chamber walls were made of transparent material to allow easy light access.
The aluminium coagulant (polyaluminium chloride; [Al n (OH) m Cl (3n-m) ] x trade name PAX 18) was applied once in each chamber in the following doses: low (L), medium (M) and high (H), i.e. 50.0, 100.0 and 200.0 ml m -3 , respectively. The doses (with repetition) were added to six mesocosms, while the two remaining ones were control chambers (C). The chemical substance used in the experiment is characterized by pH <1.0, density 1350-1370 kg m −3 and a light yellow colour. Samples of C. hispida were collected after 1, 2, 4 and 8 weeks (4 individuals from each chamber). Next, the specimens were transported in sealed plastic bags to the laboratory where they were analysed on the same day. Each specimen was measured as follows: the main stem's total length, lateral shoot lengths, longest branchlet in a whorl (nodes 1-3) and internode lengths (up to the 3 rd node) of both the main stem and its branches. In situ water pH was measured (HI 98129, Hanna Instruments) and samples were taken to analyse phosphates according to the spectrophotometric method with ascorbic acid after filtration through membrane filters of pore size 0.45 µm (APHA 1998) . The parameters were also analysed before the experiment, and afterwards, simultaneously with charophyte sampling. An ANOVA with repeated measures with time as the fixed factor with the post-hoc Tukey test was used to analyse differences in the impact on plant characteristics. The Levene test was used to assess the equality of variance in comparable groups. All statistical analyses were performed using Statistica 12.5 software.
Results
The initial water pH was 9.4 ±0.3 (mean ±stand. dev.), and the concentration of dissolved phosphates was 0.03 ±0.01 mg PO 4 dm -3
. Having applied the polyaluminium chloride to the chambers, water pH decreased: it was lowest after L dose (pH 6.5 ±0.2), medium after M (pH 5.7 ±0.3), and highest after H (pH 4.4 ±0.1). When compared to the control group, the difference was statistically significant (F 3,3 =5.15; p < 0.01). Within a week of the coagulant's application, water acidity was neutralized in all chambers (Fig. 1) . By adding the coagulant, dissolved phosphates were entirely eliminated. This state prevailed only for a week. Later, the concentrations were observed to rise continually until they reached their initial level (Fig. 2) .
Apart from sudden changes in chemical features of water after application of the polyaluminium chloride, there were also physical modifications, especially very strong turbidity and iridescence. Over the following days both features ceased, but the so-called agregateflocks appeared, and gradually started to sediment, covering the charophyte with a light-cream tight jelly like sticky layer. The amount of the sedimented suspension was proportional to the coagulant's dose.
Having performed biometric measurements of individual charophytes that had been treated with the polyaluminium chloride, the total length was found to be shorter by approx. 10 cm after L dose (82.8 ±19.6 cm) and H (80.9 ±18.5 cm), and 20 cm after M dose (72.5 ±16.4 cm). In C mesocosms their length amounted to 92.9 ±17.9 cm (Fig. 3a, 3b, 3c) . High values of the standard variation resulted in the absence of statistical differences. Branchlet lengths in all nodes demonstrated a slight length reduction during the experiment. However, ANOVA results revealed that both the coagulant dose and time had a significant effect on branchlet length (Table 1 ). The surface of branchlets was covered by numerous chlorosis and necrosis, and after the H dose it often had no apical part.
The length of internode cells showed different biometric parameters. The length of internode 1 after every dose remained unchanged with slight statistically insignificant fluctuations (Fig. 3d) . The length of internode 2 significantly increased when compared to other doses (Fig. 3e) after dose H, while the effects of doses C, L and M were alike. The length of internode 3 (Fig. 3f ) featured a growth proportionate to the coagulant dose, and it varied significantly from the others after dose H (Table 1 ).
The number of 1 st degree branches did not change (4 branches on each specimen), but their length increased in chambers with the coagulant (23.4 ±4.8 cm) in comparison with the C chambers (21.7 ±6.7 cm). 2 nd degree branches were rarely recorded, although their general number decreased from 6 in C chambers to 2 in L, M doses and 4 in H dose (Table 1) . Fig. 3 . Comparison of growth and architecture of C. hispida from experimental plots (column -mean, whiskers -95% confidence interval; a, b, c -length of branchlets in internodes; d, e, f -length of internodes)
Discussion
The application of the aluminium coagulant significantly changed the abiotic features of the environment as well as the architecture of the specimens. There were two kinds of responses to the coagulant: 1) growth inhibition and slight reduction of branchlet length, and 2) elongation of internode cells. The first response stemmed from a change in abiotic conditions, particularly at the initial stage, that were preferred by the charophyte, such as high alkalinity and alkaline pH (Kufel and Kufel 2002) . Immediately after application, environmental conditions favoured by charophytes are substantially altered. Increasing the frequency of treatments can lead to the transformation of a habitat and loss of communities. In addition, acidity initiated a rise in aluminium toxicity since pH was the most important factor responsible for toxicity and solubility (Goldbold et al. 1995) . The most toxic forms are considered to be Al
- (Drabek et al. 2005) i.e. the ones that appear when aluminium polychloride is added to water (Jiang and Graham 1998) . So far, the mechanism of the toxic influence of aluminium on plants and algae has not been precisely described. What is known is the fact that at pH 4.0 -as in the experiment -dissolved aluminium has the greatest toxic impact on plants (Kinraide 1991) and the charophyte (Takano and Shimmen 1999). Accumulation of metals in macrophytes is dependent on many factors, mainly: vegetation type (submerged species accumulate more Al than emergent), Al concentration in water and the time of exposure to contamination (Oberholster et al. 2012; Senze and Kowalska-Góralska 2014) . Aluminum coagulant causes permanent damage to C. hispida thalli, such as chlorosis, necrosis, detachment of corticating cells and general softening of the thallus. Al ions are actively accumulated in the C. hispida biomass (to above 2.0 mg g -1 d.w.) immediately after application of coagulant, however, in comparison to other elodeids C. hispida is a poor bioaccumulator of aluminium (Rybak et al. 2017b ). According to Marschner (1991) aluminium distorts the proportion of cations and anions in the ion exchange, and stops the absorption of Ca 2+ and Mg 2+ ions through cell walls, a process that is vital for the charophyte. Moreover, Ca 2+ could be displaced in the cell wall by Al, leading to a disturbance in normal cell development and growth (Reid et al. 1995) . Acidity neutralisation and simultaneous precipitation of aluminium from water in the process of coagulation gradually decreases the time of interaction and the negative effects of toxicity. As the charophyte incrustation is dissolved, calcium and magnesium, which are their basic components, are released into the water (Rybak et al. 2016b) . Their structural damage results from degradation and changes in the proportion of photosynthetic pigments (chlorophyll a and b, carotenoids), thus intensifying the photosynthetic efficiency of those parts that have remained undamaged, and protecting itself against excessive exposure to light (Rybak et al. 2016a) .
Greater elongation of internodes as well as the growth of 1 st degree branches resulted from light availability. In the first stage of the experiment, limited penetration of radiation was caused by heavy water turbidity and iridescence. Once these optical conditions ceased and water clarity improved, flock coagulants settled on the charophyte and formed a colloid film limiting/reflecting light access (Immers et al. 2013 ). In such a situation the charophyte grew to reach the water surface, which was a typical defense reaction to shading (Blindow and Schütte 2007) . The mechanism was triggered despite minute amounts of bioavailable phosphates. This can mean that available resources are allocated in order to survive in an unfavourably changed environment (Kozłowski 1992) , in which apical parts are elongated towards the light at the expense of not developing branchlet rosettes. A similar defense mechanism against shading i.e. larger assimilation surface resulting from developing 1 st degree branches at the expense of growth and reproduction was described in an article on the influence of the iron coagulant (Rybak et al. 2017a) . Research on the influence of iron coagulants indicates that the effect depends on the physiology of the particular species (Immers et al. 2014) . Thus, it can be expected that responses of different species would be various during application of aluminum coagulants as well. In the light of current knowledge, use of chemical coagulants in lakes with charophyte communities is hazardous.
Conclusions
The growth pattern of the charophyte Chara hispida is affected by the aluminium coagulant because the main stem's growth slows down and internode cells elongate in their apical parts. These changes are caused by a lowering of pH with the toxic influence of aluminium as well as shading. The charophyte becomes covered by coagulated suspension. The undertaken experiments have not defined a dose of coagulant that would be biologically safe for the charophyte. Owing to the great morphological diversity of the genus Chara, it is highly probable that each species can react in a different way. It is important for safe restoration of waterbodies to recognise the chemical features of water, original characteristics of the habitat, as well as the structure of plant communities. A thorough analysis and research on the influence of coagulants on charophytes and aquatic plants is indispensable.
